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Abstract

Lithium-sulfur batteries (LSBs) are considered promising alternatives to conventional lithium-ion batteries (LIBs)
because of their high energy density, natural abundance of sulfur, and environmental benignity. Nevertheless, their
practical application is hindered by issues including the shuttle effect, severe volume fluctuations, poor
conductivity, and lithium dendrite growth at the anode. In recent years, rare-earth (RE) elements, benefiting from
their unique unsaturated 4f orbital configurations, have shown great potential in tackling these issues. In particular,
RE compounds not only anchor soluble polysulfides via RE-sulfur (S) bonding and catalyze their conversion to
S/Li,S in the cathode, but also improve electrolyte function by facilitating lithium ion (Li*) transport, mitigating
parasitic reactions, and reinforcing interfacial stability. This review systematically highlights the electronic
structures, variable valence states, and strong chemical affinities of RE elements, all of which contribute to their
multifunctional roles in LSBs. Furthermore, we summarize the progress of RE-based approaches across different
components of LSBs, including cathode hosts, separators/interlayers, electrolyte additives, and solid-state
electrolytes. Looking forward, we outline critical challenges and propose emerging directions for leveraging RE-
based materials to realize practical, high-performance LSB technologies.

Keywords: Rare-earth elements, energy storage materials, lithium-sulfur batteries, electrode/electrolyte interface
engineering, reaction kinetics
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INTRODUCTION

Since the birth of the steam engine during the first industrial revolution, various power technologies have
made indelible contributions to the development of social productivity. However, the widespread use of
traditional fossil fuels has led to severe and often irreversible environmental pollution, intensified the
greenhouse effect, and exacerbated the imbalance between the supply and demand of natural resources' .
Clean renewable energy is conducive to alleviating carbon footprints, which is a strategy vigorously
developed by governments and societies around the world to achieve “carbon neutrality”. Rechargeable
batteries as a key energy storage device of renewable energy play an irreplaceable role in large-scale smart
grids, electrified transportation, and portable equipment owing to their favorable characteristics, including
high efficiency, simple operation, and electrochemical stability™*?.

As the most representative battery system, the energy density of lithium-ion batteries (LIBs) has increased
from 100 to 280 Wh/kg in the past 30 years, which has triggered the revolution of energy storage devices'”.
Due to the limited crystallographic sites available for charge-carrier storage in intercalation-type electrodes,
LIBs can hardly satisfy today’s rapidly increasing energy demands. For instance, power batteries related to
electric vehicles urgently need higher energy density (2 500 Wh/kg) to achieve greater mileage (= 300 miles)
between charges®. In addition, the energy storage system based on LIBs accounts for 50% of the cost of
electric vehicles, which further hinders the electrification of transportation”. There is an urgent need to
explore cheaper electrode materials and new electrochemical mechanisms, such as conversion and alloying,
beyond intercalation""'?.

Lithium-sulfur batteries (LSBs) based on conversion-based cathode material, orthorhombic cyclic
octasulfur (u-S;), are the most promising to break through the current bottleneck of energy density. The
electrochemical reaction between metallic lithium (Li) anode and sulfur (S) cathode can be expressed as
16Li + Sy & 8LLS, which is reflected as 2 voltage plateaus at about 2.3 and 2.1 V in the discharge process
[Figure 1A]">"*l. In LSBs, the high-voltage plateau corresponds to the conversion of elemental sulfur into
long-chain lithium polysulfides (LiPSs), followed by further reduction to Li,S./Li.S at the low-voltage
plateau. This distinctive multi-step reaction involves 16 electrons and affords a theoretical capacity of 1,672
mAh/g and an energy density of 2,600 Wh/kg. Coupled with abundance, low toxicity, and global
accessibility of sulfur, these advantages position LSBs as cost-effective and environmentally friendly
candidates for future large-scale energy storage"**”.

Nevertheless, although the unique intrinsic material characteristics and multi-electron conversion process
of sulfur phase change (S, < S < S;” < S, « LLS, « Li,S) give LSBs more advantages than LIBs on
energy density, they also hinder the large-scale practical application of current LSBs. First and foremost, S,
and Li,S,/Li,S are both electrically and ionically insulating (the electronic conductivity of sulfur and Li,S is
about 10™° and 10™* S/cm, respectively, at room temperature), which greatly decreases the utilization of the
active sulfur materials and has posed major issues for practical capacity in the past few decades?'. In
addition, due to density difference between the initial reactant sulfur (2.03 g/cm®) and the product Li,S (1.67
g/cm?), the sulfur phase transition causes volume expansion and contraction of the electrode, resulting in
electrode cracking and deactivation during cycling in LSBs*>**!. For the reaction intermediates polysulfides,
their solubility in organic electrolytes is the main cause of the notorious “shuttle effect”. Nevertheless,
continuous dissolution of LiPSs is also necessary to enable electron transfer and expose unreacted sulfur,
thus promoting deeper sulfur participation in the conversion process® . Another well-known problem is
the defects encountered on the lithium metal anode side, including the interface side reaction caused by the
thermodynamic instability of Li, the production of lithium dendrite caused by uneven space charge layer on
the anode surface, and the increase of internal resistance caused by “dead Li” produced by detached lithium
dendrite”””?*). All these deficiencies eventually lead to the low coulomb efficiency, short service life and
unsatisfactory actual energy density of LSBs [Figure 1B].
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Figure 1. (A) Charge-discharge voltage profiles of LSBs under galvanostatic conditions; (B) Schematic diagram of bottlenecks in LSBs;
(C) The publication numbers of LSBs from 2009 to 2024. LSB: Lithium-sulfur battery.

Limited by the technical bottleneck of sulfur cathode and electrolyte materials, the problems of low
discharge capacity and fast capacity attenuation in cycling have not been appropriately settled in the
decades after the birth of LSBs in 1962. Until 2009, Ji et al. at University of Waterloo pioneered the idea of
using conductive mesoporous carbon framework as the host material of sulfur cathodes, achieving a major
breakthrough in improving conductivity, alleviating repeated volume transformation of sulfur cathodes and
dissolution of LiPSs"*. Since then, research on LSBs has undergone rapid growth, leading to an explosive
increase in the number of related publications [Figure 1C].

Researchers worldwide are committed to improving the electrochemical performance of LSBs from the
aspects of the electrolyte, separator, current collector, anode and cathode™*!. No matter which part of LSBs
is modified or improved, endowing novel materials with unique functionality is always the core strategy
and has received the greatest attention in the field. For example, porous cathode hosts with physical space
limitation for sulfur, catalysts with chemical adsorption and catalytic effect for LiPSs, alternative electrolyte
systems to replace traditional organic ethers, electrolyte additives to improve coulomb efficiency,
multifunctional polymer binder, artificial solid electrolyte interphase (SEI) layers on the lithium metal
anode host and its surface, and solid electrolytes'***.. Most of these functional materials come from
nanostructured inorganic compounds, polymers, metals, porous carbon-based materials, and their
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Figure 2. (A) The elements used in LSBs including non-metallic, transition metal, and RE metal; (B) Publication numbers on the role of RE
elements in LSBs in various forms; (C) Schematic diagram of electronic orbits of RE elements. LSB: Lithium-sulfur battery; RE: rare-earth.

composites, all of which are composed of various basic elements. We highlight the cells in the periodic table
to represent the elements that have been applied to LSBs [Figure 2A]. Among the explored elements for
advanced energy storage, rare-earth (RE) elements have recently gained growing recognition for their
potential in LSBs.

Herein, we present a comprehensive review of recent advances in RE-based functional materials for LSBs.
We systematically summarize the structural features, chemical states, and synthesis strategies of RE
compounds and elucidate the mechanisms by which they enhance electrochemical performance. The
discussion is organized by battery components: cathode hosts, separators/interlayers, electrolyte additives
and interphase regulators, and solid-state electrolytes. We place special emphasis on the multifaceted roles
of RE elements in immobilizing LiPSs, catalyzing their conversion, facilitating Li* migration at the anode,
and suppressing lithium dendrite growth. We also highlight the contributions of RE-based strategies to LSB
development and assess their prospects for future commercialization. We hope this review will inspire new
research directions and guide the rational design of RE-based materials to broaden the practical application
of LSBs and achieve optimized electrochemical performance.

BASIC PROPERTIES OF RARE-EARTH ELEMENTS IN LITHIUM-SULFUR BATTERIES
Fundamental physicochemical properties of rare-earth elements
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RE elements are characterized by similar ground-state electronic configurations and include the 15
lanthanides - lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu) - together with two group IIIB elements, scandium
(Sc) and yttrium (Y)™!. Owing to their versatile electronic structures and unique physicochemical
properties, these elements have been widely utilized in diverse industries such as petroleum processing,
metallurgy, ceramics, glass manufacturing, textiles, and permanent magnetic materials, earning the title of
“industrial vitamins”. RE elements have an empty or unfilled 4f electronic layer structure and the resulting
diversified electronic energy levels, leading to rich and unique energy storage and catalytic properties of RE

46-49

elements and their compounds"“*. Therefore, they also play an indispensable key role in the research and
development of LSBs. Figure 2B shows the number of publications in which RE elements have been applied
to LSBs in various forms in recent years. It is obvious that the introduction of RE elements and their
derivatives into the LSB system to activate their energy storage characteristics has been a research hotspot
worldwide in recent years. Nevertheless, there is little literature and reports summarizing LSBs based on

RE-based materials.

Among the 17 RE elements, Sc and Y are different from lanthanides in that their ground state electronic
configurations have no 4f electrons, i.e., [Ar]3d'4s® and [Kr]4d'ss’, respectively. In the case of ground state
electronic configurations of 15 lanthanides, La, Ce, Gd, and Lu are the [Xe]4f*'5d'6s* and other lanthanides
are [Xe]af"6s?, all of which have unfilled 4f orbitals [Figure 2C]"“”.. Nevertheless, they all have the same
atomic structure-oriented properties; that is, the two electrons in the outermost layer and one electron in
the sub-outer layer are easy to lose, so as to form a stable trivalent ion state (RE**). This feature makes RE
ions have the potential to combine with different single-phase materials, which is very important for the
design of crystalline multicomponent materials suitable for different use scenarios, including catalysis,
luminescence, and magnetic modulation'. For instance, Ce elements can be doped into nanomaterials as
Lewis acid active sites to catalyze CO conversion, selective oxidation of organic molecules and soot
combustion®?. The repeated gain and loss of electrons of Ce between trivalent (Ce*") and tetravalent (Ce*)
states endows Ce-based materials with the function of local oxygen storage and release, thus affecting the
catalytic effect. In addition, some aliovalent dopants based on RE elements (e.g., Pr) doped into the cerium
oxide host can introduce oxygen vacancies, which is also conducive to improving the oxygen storage
capacity and catalytic performance®. The transition metal-Sm alloy has served as a permanent magnet at
room temperature for high-density magnetic recording and energy storage due to the exchange interaction
between the conduction electrons of transition metals and the local spin-polarized electrons of Sm!**. Nd-
based nanoparticles are usually used as NIR (near-infrared) nanophosphors in biological imaging field
because their excitation and emission are contained in the optical window (700-1,100 nm)"**. Interestingly,
the up-conversion emission of Nd** can be realized at around 382 nm and 413 nm by reasonably designing
the core-shell structure of composite material*. These cases demonstrated the tunability and versatility of
RE elements, as well as their nonnegligible contribution in related fields by combining with the current
advanced nanotechnology. These unique properties have also been proven by researchers to be suitable for
solving the notorious problems in the LSB system, such as aggravated shuttle effect, uncontrollable lithium
dendrite growth, hindered multi-electron conversion reaction kinetics, and so on.

Theoretical perspectives on the role of rare-earth elements in LSBs

Density functional theory (DFT), a powerful tool in materials science, enables atomic- and electronic-scale
insights into interactions within RE-Li-S systems. It provides theoretical support for understanding
experimental phenomena and guiding electrode/electrolyte design. The performance of LSBs depends on
multi-electron reactions, including sulfur reduction, polysulfide dissolution/shuttle, and interfacial side
reactions. Benefiting from their unique 4f configuration and high physicochemical activity, RE species
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regulate these processes by tuning reaction pathways and suppressing side reactions. DFT further clarifies
RE functions via electron density, bonding characteristics, and energy barrier evolution.

For instance, Zhang et al. utilized a La,O./carbon composite system as a research model. By employing
first-principles calculations, they systematically uncovered the synergistic mechanism through which this
composite enhances the cycling stability and rate performance of LSBs"”. Their findings revealed that the
migration of polysulfides and the cleavage of dimers (e.g., Li,S,) predominantly occur on the surface of
La,O.. In contrast, the carbon-based component provides rapid migration channels for the two-step lithium
ion (Li") insertion/extraction process, the bulk diffusion of lithium, and the transport of dimers. This result
further confirms that the synergistic effect between La,O, and the carbon substrate during the catalytic
conversion of polysulfides arises from their collaborative participation in regulating reaction pathways and
improving mass transfer efficiency. It is not a mere combination of the catalytic activity of La,O, and the
electrical conductivity of the carbon material.

In addition to the design of composite electrodes, another key strategy to enhance the regulatory role of REs
involves modifying their coordination environment via non-metallic element doping. This modification
adjusts the splitting energy of the valence orbitals at the metal center, thereby strengthening the interactions
of metal-sulfur bonds and optimizing the adsorption and conversion efficiency of polysulfides”®. Within
electrolyte systems, RE-based additives also demonstrate significant regulatory potential, primarily by
facilitating the formation of stable SEI films enriched with REs. Ren et al. conducted research in this area,
focusing on a systematic investigation of the ionic transport behavior of La-doped LiF when used as a
component of the SEI film on lithium metal anodes"™. Their results indicated that La doping effectively
alleviates the excessive periodic grain boundary spacing, which is caused by the lattice mismatch between
LiF and lithium metal during lithium deposition. Specifically, the grain boundary spacing was reduced from
0.478 nm to 0.306 nm. Concurrently, La doping led to the formation of a more stable vacancy defect
structure in the grain boundary region and decreased the Li* transport energy barrier to 0.789 eV. This
modification not only facilitates the rapid migration and uniform deposition of Li* but also makes a
significant contribution to suppressing the growth of lithium dendrites and extending the cycle life of
batteries.

To directly link RE-related active sites to kinetics, we adopt three cross-comparable metrics: (1) LiPS
adsorption energies for Sy, Li,Sq/¢/,, Li.S,, and Li,S computed on explicit RE sites; (2) Li* diffusion
coefficients; and (3) ionic conductivity. Supplementary Table 1 benchmarks adsorption energies of sulfur
species on RE-containing surfaces. RE oxides exhibit stronger adsorption than carbon, and defect/non-
stoichiometric or anion-engineered phases further enhance binding: ScO,.; > Sc,O,, LaNiO, , > LaNiO.,, and
CeO,.S, > CeO,. RE sulfides/oxysulfides (e.g., La,S;, La,0,S) display the strongest interaction with S, and
Li,S,, making them effective for capturing and activating long-chain species, although they may overbind
the end products (Li,S,/Li,S) and risk surface passivation. In contrast, halides/oxychlorides (CeF,, LaOCI)
and LaCO,OH show moderate adsorption, which is favorable for product desorption and sustained
conversion. The single-atom Ce/N, site gives intermediate binding for Li,S,, indicating that isolated RE sites
can activate LiPSs without excessive adhesion. Supplementary Table 2 compiles Li*-transport metrics for
RE-enabled electrolyte systems: Li* diffusion coefficients during the Li,S, — Li,S regime for RE electrolyte
additives and ionic conductivity for RE-containing solid electrolytes. A clear trend emerges: sulfide/halide
electrolytes reach ionic conductivity ~ 107 S cm™, exceeding garnet Li,La,Zr,O,, (LLZO, 4.0 x 10* S cm™)
and perovskite LLTO (2.0 x 10° S cm™), while organic Nd(OTf), raises Li* diffusion coefficients versus
inorganic nitrates.

CATHODE MATERIALS BASED ON RARE-EARTH COMPOUNDS
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The sulfur cathode plays a decisive role in determining the electrochemical performance of LSBs. A
conventional sulfur cathode is generally fabricated by coating a mixture of sulfur active material, conductive
additives, and polymer binders onto a carbon or aluminum current collector*”. As we all know, conductive
agents and binders mainly play a role in increasing the conductivity and electrode integrity, but they have
limited impact on the electrochemical performance of LSBs. In recent years, researchers have focused on
designing sulfur host materials to mitigate volume change, inhibit polysulfide dissolution and accelerate
conversion reaction kinetics. Most excellent sulfur hosts have three-dimensional (3D) connected electron
channels and smooth ion diffusion paths, which are conducive to overcoming the low conductivity of sulfur
and accommodating the volume transition caused by the conversion reaction. In addition, the outstanding
ones also have appropriate chemisorption for polysulfide intermediates and catalytic effect for polysulfide
conversion. Most of the previous reports are devoted to the heteroatom doping, metal compound
modification or surface functionalization of carbon-based materials.

Rare-earth oxides as sulfur hosts

As the pioneering work of applying RE elements to the sulfur cathode of LSB, Zheng et al. introduced
lanthanum oxide (La,O,) as an additive to replace part of the conductive agent into the sulfur cathode in
2006, They found that La,O; has the potential to adsorb polysulfides and catalyze their redox reactions.
Zhang et al. clarified the mechanism of La,O, and conductive nitrogen-rich mesoporous carbons (NMC)
synergistically improving the electrochemical performance of LSBs from the perspective of theoretical
calculation with DFT"”.. They systematically investigated the adsorption configurations, migration
pathways, and diffusion energy barriers of LiPSs species on La,O, and NMC surfaces [Figure 3A and B].
Unlike the conventional understanding, La,O, not only exhibits strong polysulfide adsorption but also
provides a polar surface that facilitates smooth LiPSs migration and accelerates the cleavage of LiPSs
dimers. The cooperative functions of La,O, and NMC extend beyond simple adsorption and conductivity,
acting as a synergistic system that jointly catalyzes polysulfide conversion. Building on this early insight,
subsequent studies shifted from simple mixing to architecture-guided incorporation of La,O,. A
representative advance involved embedding La,O, quantum dots (QDs) a few nanometers deep into carbon
nanorods that self-assemble into microspheres, so that thin carbon layers protect the QDs from direct
electrolyte contact while still allowing Li*/solvent penetration [Figure 3C]'*”. This design prevents
oversaturation and deactivation of catalytic sites, maintains high surface area, and leverages strong La-O-Li
interactions to immobilize LiPSs and accelerate S; — Li,S conversion. Electrochemically, such La,O,-carbon
microspheres delivered 1,392 mAh/g at 0.25C, and sustained 0.044% capacity fade per cycle over 1,000
cycles at 2C. They achieved an areal capacity of 6.31 mAh/cm? at 0.1C with strong capacity retention at a
sulfur loading of ~ 5.5 mg/cm®. Subsequently, when integrated with various carbon-based materials, lithium
lanthanum titanate (LLTO) has been shown to exhibit distinct properties. Notably, it can also function as a
cathode host material. Yeh et al. demonstrated that LLTO can serve as an effective cathode additive for
LSBs under high sulfur loading and lean electrolyte!®’. A hot-pressed sulfur-LLTO electrode (6 mg/cm?)
exhibited uniform LLTO dispersion, which enhanced ionic transport, facilitated polysulfide adsorption, and
catalyzed their conversion. These results established La-based oxides as durable, catalytically active hosts for
LSB cathodes.

Beyond La,O,, various other RE oxides (e.g., Y,O,, CeO,, Ga,O;, Sc,0,, Nd,O,, Sm,0,) have been utilized as
adsorption-catalytic regulators in the host materials of LSBs. The differences in their performance are
summarized in Supplementary Table 377, Among these RE oxides, Ce, the most abundant lanthanide,
combines metallic reactivity with chemical stability. This unique combination makes CeO,-based composite
host materials the most extensively studied in this field. Compositing CeO, with carbon-based materials is a
common modification strategy, as it enables the synergistic optimization of both polysulfide anchoring
capability and charge transport properties. For instance, Xiao et al. synthesized CeO,-doped carbon
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nanotube (CeO,@CNT) host materials via a hydrothermal method [Figure 3D]"*. In this composite,
uniformly dispersed nanoscale CeO, particles suppress the shuttling of polysulfides through chemical
bonding interactions. Meanwhile, one-dimensional (1D) carbon nanotubes (CNTs) with a high aspect ratio
provide rapid transport pathways for ions and electrons. The CeO,@CNT/S cathode exhibited excellent
specific capacities of 1,359 mAh/g and 715 mAh/g at current densities of 0.1C and 1C, respectively. To
further enhance the polysulfide anchoring effect, researchers have also modulated interfacial interactions by
doping the carbon substrate with non-metallic elements. Wang et al. loaded CeO, onto nitrogen-doped
carbon nanofibers (CeO,@CNF)"”. The resulting CeO,@CNF/S cathode maintained favorable cycling
stability even at a high current density of 2C. The exposed crystal planes of CeO, have a critical impact on
its adsorption and catalytic performance. Wei et al. designed and synthesized CeO, nanomaterials with
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controllable morphologies, featuring exposed (110)/(100)/(111), (100), and (111) crystal planes™’. They
revealed that CeO, nanorods with exposed (110)/(100) planes and defective (111) planes effectively inhibit
the shuttling of long-chain polysulfides through the formation of strong Ce-S and Li-O bonds.
Additionally, the defect-rich structure (consisting of oxygen vacancies and Ce** ions) on the surface of CeO,
nanorods acts as additional active sites, which further enhances the adsorption of polysulfides.

In recent years, modifying CeO, nanorods through defect engineering and doping has emerged as a key
strategy to enhance their synergistic adsorption-catalytic performance. Azam et al. developed composite
host materials by loading bimetallic nickel/cobalt oxides (NiCo,O;) onto CeO, nanorods®®'. CeO, surface
defects provide strong binding sites for LiPSs, while NiCo,O, ensures fast catalytic conversion; together,
they form a synergistic host that enhances kinetics and suppresses shuttle. Hou et al. further prepared Cu-
CeQ,_/carbon nanofiber (CNF) composites with a heterointerface via electrospinning followed by stepwise
carbonization [Figure 3E]"*. In this process, Cu** ions dispersed within the CNFs gradually diffuse and are
trapped by defects in CeO,. This not only stabilizes the Cu clusters and prevents their agglomeration but
also induces the formation of abundant oxygen vacancies in CeO,. By generating oxygen vacancies, CeO,
achieves bandgap narrowing, improved electronic conductivity, and lower reaction barriers. Such interfacial
engineering promotes rapid polysulfide-to-Li,S conversion, leading to long-term stability with 626 mAh/g
retained after 800 cycles at 2C (0.046% fading per cycle). Moreover, Fe*"-doped and carbon-supported CeO,
composites exhibit comparable enhancements in both cycling life and rate capability™’. Doping CeO, with
non-metallic elements is another effective strategy for regulating its adsorption and catalytic performance.
Fan et al. proposed a chlorine modification strategy for CeO, (CeO,-Cl)"*". Cl doping significantly enhances
the adsorption energy of CeO, for polysulfides and alters the adsorption mechanism.

Rare-earth hydroxides and fluorides for polysulfide regulation

Metal hydroxides have also been shown to effectively enhance the performance of LSBs, owing to their
combined advantages of structural stability and polysulfide anchoring capability®*". Tian et al. utilized a
spray-drying method to fabricate a 3D layered micro-spherical host material, which consists of oxygen-
deficient lanthanum hydroxide [La(OH),] and reduced graphene oxide (rGO)"“". The densely packed
micro-spherical structure of host material establishes a continuous ion transport network, which shortens
the free path of ion migration [Figure 4A]. Meanwhile, the layered and stacked rGO provides sufficient
buffer space to accommodate the volume expansion of sulfur during charge-discharge cycles, thereby
ensuring the structural integrity of the electrode. La(OH), with oxygen defects [oxygen-deficient La(OH).]
can enhance polysulfide anchoring by forming La-S bonds. The synergistic effect of lithophilic oxygen and
sulfiphilic lanthanum significantly improves the binding strength of La(OH), toward Li,S,, with the binding
energy increasing from -1.88 eV [pristine La(OH),] to -5.03 eV [oxygen-deficient La(OH).], thereby
suppressing Li,S, dissolution and shuttle [Figure 4B].

Compared to RE oxides, RE fluorides theoretically exhibit superior polysulfide adsorption performance
owing to the high electronegativity of fluorine, which strengthens the polar interactions between RE
fluorides and polysulfides. To date, significant progress has been achieved in relevant research. Hao et al.
synthesized 1D CNFs doped with semi-enclosed yttrium fluoride (YF,) via an electrospinning method
[Figure 4C and D]"?. The semi-closed carbon architecture associated with YF, suppresses polysulfide
leakage more effectively than open-structured carbons. Dispersed YF, nanoparticles also enable the
generation of fluorine-rich electrode interfaces. Benefiting from these effects, YF, cathodes sustained 709.8
mAh/g after 600 cycles at 1C, with only 0.043% capacity decay per cycle. Wang et al. further improved
anchoring capacity by introducing CoF, into YF,-modified porous CNFs [Figure 4E]"’\. Through the
synergistic anchoring effect of YF, and CoF,, the cycling performance was further enhanced.
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Figure 4. (A) Morphology of composite sulfur electrode and corresponding EDS mapping; (B) Optimized polysulfide adsorption
structures and calculated binding energy. The figures are quoted with permission from Tian et al.®®?; (C) HRTEM images of YF; nanofiber
and corresponding EDS mapping; (D) Optimized YF; structure. The figures are quoted with permission from Hao et al.®?; (E) Preparation
process of CoFsco-doping into YF; carbon nanofiber and corresponding morphologies. This figure is quoted with permission from Wang
et al.®¥; (F) HRTEM image of Hollow- CeF; and corresponding EDS mapping; (G) Optimized polysulfide adsorption structures on the
surface of CeF; and CeO,; (H) Adsorption energy comparison between CeF; and CeO,. The figures are quoted with permission from Liu
et al.®¥. PVP: Polyvinyl pyrrolidone; PTFE: polytetrafluoroethylene; EDS: energy-dispersive X-ray spectroscopy; HRTEM: high-resolution
transmission electron microscopy.

Departing from conventional strategies that load RE fluorides onto pre-formed hosts, Liu et al. developed a
novel approach that first synthesized hollow cerium fluoride (CeF,) nanocages (h-CeF,), and then
encapsulated active material sulfur within the nanocage cavities via a melt-dispersion process [ Figure 4F]®*.
The hollow structure of h-CeF, directly accommodates the volume expansion of sulfur during charge-
discharge cycles, mitigating electrode structural degradation. Additionally, DFT calculations revealed that
h-CeF, exhibits a significantly higher adsorption energy for long-chain polysulfides compared to cerium
oxide [Figure 4G and H].


https://dx.doi.org/10.20517/energyz.2025.03

Zhou et al. Energy Z. 2025, 1, 100002 | https://dx.doi.org/10.20517/energyz.2025.03 Page 11 of 33

Beyond single RE compounds, perovskite materials incorporating REs have attracted considerable attention
as host materials for LSBs, stemming from their inherent advantages, including stable crystal structures,
abundant surface defects/oxygen vacancies, and strong polar adsorption capabilities for polysulfides”>**.
Perovskites have the general composition ABX,, where the A-site is typically occupied by large-radius
cations (e.g., REs, methylammonium, Cs*), the B-site by small-radius metal cations (e.g., Ti*", Pb*, Sn*"),
and the X-site by halide or oxygen anions (e.g., O*, Cl, Br’). A key advantage of these materials lies in their
tunable properties, wherein their adsorption and catalytic performances for polysulfides can be flexibly
modulated through doping at either the A-site or B-site.

Rare-earth perovskites and high-entropy compounds for catalytic enhancement

Hao et al. pioneered the application of La,Sr,.CoO,; (LSC) perovskite as a host material for composite
cathodes in LSBs"™. They employed SiO, templates combined with acid etching to fabricate dual-core

nanowires that effectively improve mass transport pathways within the electrode [Figure 5A]. DFT
calculations further revealed the mechanism underlying the enhanced performance of LSC. Sr doping
significantly strengthens the ability of LSC to anchor polysulfides via Co-S bonds, reducing the binding
energy from -1.95 eV [for pure LaCoO, (LCO)] to -2.95 eV [Figure 5B]. Bader charge analysis provided
additional insights into this mechanism. For the (110) plane of the materials, the average valence of Co
atoms was +0.93 in LCO and +0.92 in LSC, while the average valence of S atoms bonded to Co was -0.71 in
LCO and -0.79 in LSC. This indicates that Sr doping increases the charge difference between Co and S
atoms, thereby enhancing the surface bonding energy between LSC and polysulfides. Benefiting from these
improvements, the LSC/S@C composite cathode delivered a discharge specific capacity of 996 mAh/g at
0.5C when the sulfur loading was 2.1 mg/cm®.

In another study, Zhou et al. synthesized La,,Sr,,Fe,.Mn,;O, (LSFM) perovskite via dual Sr/Fe metal
doping and further constructed an LSFM/Ti,C,T, composite as a cathode host"*. X-ray photoelectron
spectroscopy (XPS) analysis confirmed the polysulfide anchoring mechanism. The shifts in the peak
positions and changes in the content of Mn species with different valence states, along with the appearance
of characteristic Sr-S peaks and Li-O peaks, collectively demonstrated that Mn, Sr, and lattice oxygen
defects serve as the primary active sites for polysulfide anchoring [Figure 5C-E].

High-entropy alloys (HEAs) composed of five or more elements readily induce lattice distortion due to
differences in electron density and atomic radius among their constituent elements. This lattice distortion
generates numerous surface defects, which act as active sites for chemical reactions. In recent years, such
high-entropy materials have also been explored as host materials for LSB, leveraging their unique structural
and chemical properties!"*'*. Tian et al. prepared La,,Sr,,(Cr,,Mn,,Fe,,Co,.Ni,,0,) (HE-LSMO)
nanofibers via electrospinning-calcination [Figure 5F]"**. They found that while LaMnO, anchors
polysulfides mainly through Li-O and Mn-S bonds, HE-LSMO and La(Cr,,Mn,,Fe,,Co,.Ni,,0,) (HE-
LMO) also involve Fe-S interactions [Figure 5G].

Zhou et al. elucidated how active-site structure governs catalytic performance in high-entropy systems and

sl First, adsorption experiments demonstrated that Li,S,

mapped the electrocatalytic conversion of Li.S,!
preferentially adsorbs onto Zr sites, while RE metals (La, Nd, Sm, Eu, Gd) exhibited lower catalytic activity
for Li,S, conversion compared to Zr. Based on this observation, the researchers synthesized high-entropy
ceramics (La,,sNd,,sSm, . ,Eu,,:Gd, 15),Zr,0, (HEZO) using Sm,Zr,O, as the matrix, where Sm was
substituted with a high-entropy mixture of RE elements (La, Nd, Sm, Eu, Gd). They confirmed that RE
elements can modulate the electronic structure of Zr, thereby altering its catalytic properties for polysulfide

conversion. Figure 5H is the in-situ electrochemical Raman two-dimensional (2D) projection mapping at
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different charge/discharge depths, vigorously demonstrating that the kinetic conversion of polysulfides is
greatly enhanced under charge/discharge state. As the discharge depth increases, the proportion of S,
continues to decrease and is progressively replaced by polysulfides, which behaves oppositely during the
charge process. Additionally, the theoretical contribution of Li.S, at different charge/discharge depths
closely matches experimental results, confirming the reliability of using S, peak projection area as a
reference for monitoring the phase evolution [Figure 5I].

BINDER SYSTEMS INCORPORATING RARE-EARTH COMPONENTS

In a composite sulfur electrode, binder accounts for only 2-10 wt.% yet exerts a critical regulatory role in
determining battery performance. Beyond maintaining the structural integrity of electrodes during charge-
discharge process, it also ensures the continuity of internal electron/ion transport pathways, which is
indispensable for stable battery operation"**. Currently, polyvinylidene fluoride (PVDF) dominates as
the commercial cathode binder, however, it suffers from notable limitations. First, PVDF requires
dissolution in the toxic solvent N-methylpyrrolidone (NMP), which conflicts with the growing demand for
green manufacturing processes. Second, PVDF is prone to swelling in organic electrolytes and exhibits
weak affinity toward long-chain LiPSs. These drawbacks collectively impede the commercialization of
LSBs! o,

Eco-friendly biomaterials as binder for LSBs

To address these challenges, researchers have identified that binders rich in polar functional groups (e.g.,
hydroxyl, amino, carboxyl) can chemically adsorb long-chain polysulfides and offer a viable strategy to
suppress the shuttle effect and further improve battery performance'*"**. Nevertheless, developing high-
performance binders via environmentally benign approaches remains a core research bottleneck. In recent
years, the use of eco-friendly biomaterials, either directly or after simple modification, as LSB binders has
emerged as a highly promising technical route. For example, bio-based binders such as gum arabic (GA),
carboxymethyl cellulose (CMC), and chitosan possess abundant polar moieties (e.g., sulfonic acid,

115-117

hydroxyl, and amino groups) in their molecular backbones'*"*". These groups can trap and immobilize
polysulfides through physical adsorption or chemical interactions, thereby mitigating the loss of active

sulfur species.

Despite this potential, bio-based binders still face significant hurdles that limit their practical application.
Their poor rate performance renders them unsuitable for high-power scenarios, low sulfur loading
capabilities restrict improvements in battery energy density, and low coulombic efficiency results in
substantial energy wastage. In addition, when paired with lithium metal anodes, they tend to induce
excessive lithium metal consumption and rapid electrolyte depletion. Subsequent studies have attempted to
address these issues by optimizing the polysulfide adsorption capacity of polar functional groups and
regulating ion transport kinetics within composite sulfur cathodes. However, new challenges have arisen:
graft modification via chemical crosslinking often involves complex separation and purification procedures,
and the synthesis reactions are highly sensitive to reaction conditions - making large-scale production
economically unfeasible.

To circumvent the limitations of chemical crosslinking, hydrogen-bond crosslinking strategies have gained
increasing attention in recent years. Studies have shown that multifunctional binders prepared via
hydrogen-bond crosslinking can introduce additional active sites, which not only enhance polysulfide
anchoring but also optimize Li* migration pathways!®). However, current research on such binders
primarily focuses on boosting polysulfide adsorption, while overlooking a fundamental issue: the shuttle
effect caused by electrolyte-soluble long-chain polysulfides originates essentially from the sluggish kinetics
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of their conversion to short-chain polysulfides. Building on bio-based binders, introducing RE ions (e.g.,
Ce’*/La’*/Y*) to coordinate in aqueous media with biomass ligands (CMC/alginate, tannic acid, efc.) forms
tunable metal - organic networks. Moreover, compared with PVDF binders, which rely on costly NMP-
based processing, RE-modified binders generally add some material/synthesis cost yet can retain aqueous
processability while offering markedly stronger polysulfide anchoring and improved cycling/rate
performance.

Rare-earth metal-based supramolecular complexes

Targeting this critical bottleneck that the slow kinetic conversion of long-chain polysulfides (e.g., Li.Ss,
Li,S,, and Li,S,) to short-chain species (e.g., Li,S, and Li,S), Zhou et al. proposed a novel strategy for
preparing multifunctional binders based on supramolecular chemistry principles"'*. Specifically, they
synthesized a GB-Y (gelatin and boric acid cross-linked with rare earth yttrium-pyridine complex) binder
by leveraging hydrogen-bonding interactions between a water-soluble matrix and an yttrium-pyridine
complex [Figure 6A]""*. This binder exhibits three key advantages: (1) Its molecular structure contains
abundant polar functional groups (e.g., carbonyl, amino), which enable direct chemical anchoring of
polysulfides. DFT calculations revealed that numerous oxygen atoms in GB-Y act as Li-affinity sites,
adsorbing polysulfides via O-Li bonds with an adsorption energy as high as 4.17 eV; (2) The synergy
between hydrogen-bonding interactions and strong chemical bonding endows the binder with excellent
mechanical properties, allowing it to effectively preserve electrode structural integrity even after 100 cycles
at 1C; (3) The incorporated RE metal ion Y** exhibits exceptional electrocatalytic activity, which
significantly accelerates the kinetic conversion of polysulfides, particularly promoting the transformation of
short-chain polysulfides into the final discharge product Li.S.

Lewis acidity of rare-earth metals in hydrogen-bonding networks

By virtue of these advantages, LSBs assembled with the GB-Y binder achieve superior cycling stability and
rate performance. Similarly, Chen et al. prepared a multifunctional CMC-Ce binder via in situ hydrogen-
bond crosslinking, using CMC as the matrix and a RE metal Ce complex as the modifier [Figure 6B]""..
They systematically investigated the mechanism by which Ce enhances polysulfide adsorption and
facilitates ion migration*”.. DFT calculations demonstrated that the binding energies between the CMC-Ce
binder and various polysulfides were significantly higher than those of PVDF and pure CMC, confirming
CMC-Ce’s superior polysulfide anchoring capability [Figure 6C]. Analysis of the optimized adsorption
configurations revealed that polysulfides are primarily adsorbed via polar functional groups (e.g., -OH, -O-)
in CMC-Ce. This enhanced adsorption arises from the introduced rare-earth metal complex (Pdc-Ce),
which modulates the electron density of CMC, optimizes the S-P orbital interactions between Li and O, and
thereby substantially increases the binding energy. Furthermore, Pdc-Ce in CMC-Ce acts as a Lewis acid
site, which regulates the electron density and spatial distribution of lithophilic groups (e.g., -OH, -COO"),
effectively promoting lithium-ion migration. This is further supported by DFT-calculated Li* migration
energy barriers. CMC-Ce exhibits a minimum energy barrier of only 0.57 eV, much lower than that of
conventional binders [Figure 6D]. Benefiting from their excellent polysulfide adsorption capacity and rapid
ion transport kinetics, LSBs based on the CMC-Ce binder deliver exceptional performance: a discharge
specific capacity of 1,542.5 mAh g at 0.5C (far exceeding that of other binders), a rate capability of up to
20C, and stable cycling for 600 cycles at 5C.

SEPARATOR AND INTERLAYER STRATEGIES WITH RARE-EARTH MATERIALS

Unlike cathode hosts, which mainly provide conductive frameworks and catalytic sites for sulfur redox
reactions, separators and interlayers function primarily as physical and chemical barriers in LSBs.
Incorporating RE compounds into these components not only suppresses polysulfide diffusion through
strong chemical affinity and coordination, but also accelerates redox conversion at the separator/electrolyte
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Figure 6. (A) Schematic illustration of GB-Y binder preparation and enhancing polysulfides kinetic conversion mechanism. The figure is
quoted with permission from Zhou et al.t"®; (B) Optimized hydrogen-bonded CMC-Ce binder configuration; (C) Optimized structures of
different polysulfide species adsorption on CMC-Ce binder and corresponding binding energy profiles; (D) Li* migration paths on CMC-
Ce binder. The figures are quoted with permission from Zhou et al.t"®!, GB-Y: gelatin and boric acid cross-linked with rare earth yttrium-
pyridine complex; Pdc-Y: rare earth yttrium-pyridine complex; CMC: carboxymethyl cellulose.

interface. In addition, RE species can facilitate ionic transport, stabilize interfacial structures, and mitigate
shuttle-induced side reactions, thereby ensuring high capacity retention and extended cycling life.

However, during repeated charge-discharge cycles, challenges such as the shuttle effect and active material
loss arising from sluggish polysulfide conversion cannot be fully addressed by optimizing cathode matrices
alone. To further suppress the shuttle effect, Manthiram and co-workers first introduced the concept of an
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“intermediate layer” in 2012""*", which is strategically positioned outside the cathode and can be regarded as
a “secondary electrode”. Compared with the simple physical adsorption of carbon materials and the weak
chemical interactions of organic compounds, polar metal compounds, particularly RE-based species, offer
stronger binding with polysulfides and catalytic activity to accelerate their conversion, thus providing a
more effective strategy to mitigate shuttle-related issues.

Structural design of rare-metal oxides for polysulfide blocking

RE oxides have attracted significant attention in separator/interlayer research due to their superior
adsorption of polysulfides. Current studies primarily focus on La-, Y-, Ce-, and Nd-based systems. The core
design principle for these RE-based separator/intermediate typically involves compositing RE compounds
with carbon materials. This approach leverages the strong adsorption capacity of REs to immobilize active
materials and the excellent electronic conductivity of carbon materials to establish efficient charge transport
channels, and promotes the kinetic conversion of polysulfides through a synergistic “adsorption-catalysis”
mechanism. As a representative example, Zheng et al. fabricated a composite of Nd,O, and rGO as a
coating for commercial polypropylene (PP) separators (Nd,O./RGO/PP)"*). This modified separator not
only effectively mitigated polysulfide shuttling but also significantly enhanced battery cycling stability. The
assembled full cell achieved stable cycling for 1,000 cycles at a high current density of 2C, with a single-cycle
capacity loss rate of only 0.053%.

Among various RE metal oxides, CeO, has been the most extensively studied for separator modification.
Wen et al. prepared N-doped nanofiber separators embedded with CeO, spheres (NCF@CeO,) via
electrospinning combined with carbonization [Figure 7A]"??.. The N-doped nanofiber skeleton forms a
continuous conductive network, which accelerates charge transfer at the cathode/separator interface and
ensures rapid kinetic conversion of polysulfides [Figure 7B]. Meanwhile, the hollow CeO, structure
effectively suppresses polysulfide migration through its strong adsorption capacity. Benefiting from this
synergy, the Li-S full cell based on NCF@CeO, achieved stable cycling for 1,000 cycles at 1C, with a single-
cycle capacity loss of only 0.063%. Furthermore, CeO, with a nanorod morphology has also been
investigated for modification of the separator/intermediate layer"*). Yu et al. theoretically elucidated the
mechanism by which CeO,/KB (Ketjen Black) enhances LSB performance as a separator modification
material [Figure 7C]"?*. Their results showed that during catalytic conversion, polysulfides preferentially
adsorb onto the CeO, surface. In the subsequent transformation of Li,S, to Li.S, Li,S, first migrates to the
KB surface, undergoes lithiation and diffusion to form Li,S,, and finally migrates to the CeO, surface where
it decomposes into the final discharge product Li,S. The migration of Li,S, is the rate-limiting step of this
process, with a Gibbs free energy of 0.85 eV. The synergy between CeO, and KB is critical for polysulfide
conversion, where CeO, promotes polysulfide migration and decomposition, and KB provides charge
transfer pathways for the lithiation process.

In terms of preparation methods, most RE oxides for separator/interlayer modification are obtained by
high-temperature calcination of corresponding RE salts, with a small portion synthesized using metal-
organic frameworks (MOFs) as precursors. The advantage of MOF-derived RE oxides is that they retain the
porous structure of the MOF while generating more active defects, both of which enhance their adsorption
and catalytic performance toward polysulfides. Among these, research on Ce-containing MOFs as
precursors for CeO, preparation has been the most intensive. For instance, Zhang et al. mixed KB with a
Ce-MOF and calcined the mixture at 800 °C in a tube furnace to prepare a KB@ CeO,-C composite, which

125

was used as an intermediate layer [Figure 7D]"*). At a sulfur loading of 2.8 mg/cm?, the battery based on

this composite exhibited stable cycling for over 800 cycles at 0.5C.
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Beyond Ce-based MOFs, studies on other RE-based MOF precursors have also made progress. Lai et al.
prepared biphasic Sm,O containing both cubic and monoclinic phases via high-temperature carbonization
of a Sm-based MOF [Figure 7E]"*. Bi-Sm,O; derived from MOF precursors preserves the intrinsic porosity
and high surface area of the parent structure, which strengthens its ability to confine polysulfides. DFT
results indicated that the exposed (402) facet exhibits strong affinity toward LiPSs, while the (222) facet in
C-Sm,0, further promotes redox kinetics [Figure 7F]. As a result, the assembled LSBs delivered 860.1
mAh/g at 2C. Moreover, Y-containing MOFs employed as separator precursors provided effective LiPS
immobilization [Figure 7G], enabling cells to reach 900.0 mAh/g at 0.5C with a sulfur loading of 3
mg/cm*!7,

To further improve the redox efficiency of polysulfides, elemental doping has become a key strategy for
optimizing RE oxide performance. Zhang et al. prepared a CeO,/Co/CNT bimetallic electrocatalyst
composite via high-temperature carbonization and used it to modify commercial PP separators [Figure
7H]"**). Based on the ultraviolet visible (UV-vis) visible adsorption test, the shuttle effect is greatly alleviated
by CeO,-Co/CNT. In this composite, CeO, traps polysulfides on its surface, Co accelerates their conversion
to Li,S via high catalytic activity, and CNTs provide channels for rapid ion/electron transport [Figure 71].
The modified separator enabled the cell to deliver a remarkably high discharge capacity of 1377.05 mAh/g
at 1C. Jin et al. employed ZIF-67 (a Co-based MOF) and a Ce-MOF as dual precursors to synthesize a Co-
N-C@CeO,-C coated separator through high-temperature carbonization [Figure 7J]"*". In this design, Co-
N-C nanoparticles create charge imbalance and generate abundant oxygen vacancies and catalytic sites,
while the CeO,-C matrix provides strong polysulfide immobilization. Acting as metal catalytic centers, the
Co-N-C domains further accelerate polysulfide conversion. With a sulfur loading of 2.8 mg/cm?, the
assembled battery delivered an initial capacity of 915.9 mAh/g at 0.5C.

For La-based RE oxides, doping with catalytically active metals (e.g., Fe, Co, Ni) further enhances their
affinity for polysulfides. Wang et al. synthesized LCO with a unique honeycomb structure via the sol-gel
method"**.. This honeycomb structure not only facilitates electrolyte permeation but also provides
additional active sites [Figure 7K]. DFT calculations confirmed that the introduction of Co enhances La-S
and Li-O interactions, enabling effective anchoring of polysulfides [Figure 7L]. The Li-S full cell based on
this material retained a discharge specific capacity of 549.0 mAh/g after 1,000 cycles at 1C.

Rare-earth sulfides and fluorides as functional coatings

Beyond RE oxides, research on sulfide-based RE materials for separator/intermediate layer modification is
also advancing. Wang et al. used Pr-BTC (a Pr-based MOF) as a precursor to synthesize porous two-
dimensional carbon nanosheets doped with Pr,0,S, which was then used as a modification coating for
commercial PP separators [Figure 8A]"*'.. DFT results showed that the Pr-O and Pr-S bonds in Pr,O.S not
only improve material stability but also confer excellent polysulfide adsorption and catalytic capabilities.
Meanwhile, Pr,0,S-C retains the high porosity of the parent MOF, facilitating electrolyte permeation. Sun
et al. compared the battery performance of different La-based compounds (La,0.-C, La,0,S-C, La,S.-C) as
separator modification materials"*?. Using La-BTC as the precursor, these composites were prepared by
adjusting the calcination temperature and atmosphere [Figure 8B]. DFT simulations revealed that
compared with La,O, and La,S;, La,0,S exhibits moderate polysulfide adsorption, making it more
advantageous for separator/intermediate layer modification and exhibiting the best discharge performance.

Additionally, RE fluorides have been explored for separator/intermediate layer modification. Deng et al.
synthesized YF,-doped polyacrylonitrile (PAN) CNFs (YF,-PAN-CNF) via electrospinning and
carbonization [Figure 8C]"*". The high-aspect-ratio CNFs establish rapid charge transfer channels, while
the strong chemical bonding between lithophilic YF, and polysulfides effectively suppresses the shuttle
effect, effectively improving the cycling stability and discharge performance.
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metal-organic framework; SEM: scanning electron microscopy; EDS: energy-dispersive X-ray spectroscopy; MOF: Metal-organic
framework; MOF-801: Zr-Fumarate MOF; STEM: scanning transmission electron microscopy; CSUST: Changsha University of Science
and Technology; LSMO-0.3: Lag;Sro3sMnOs.

Rare-earth-containing MOFs as coating

Notably, MOFs themselves can be directly used as separator coatings, and their tunable functional groups
and exposed metal active sites enable efficient polysulfide adsorption"***. For example, Zhao et al. coated
commercial PP separators with MOF-801 [Figure 8D]"*”). With a pore size of 6 A (smaller than that of
polysulfide molecules), MOF-801 acts as a physical barrier and effectively mitigates the shuttle effect via a
“pore sieving” mechanism. Song et al. used Ce-MOEF-1 with 1D pore characteristics, where pores are
formed by oxygen-containing ligands as a separator coating [Figure 8E]"**. Compared with cage-like
frameworks, their research showed that Li* have a twofold lower migration energy barrier in the 1D
channels of Ce-MOF-1, enabling stable lithium stripping/deposition for over 3,000 h at an ultrahigh current
density of 15 mA/cm’. Su et al. modified the ligands of a Ce-MOF (UIO-66-NH.) by introducing -NH,
groups*. The newly introduced active sites further enhanced polysulfide adsorption, thereby mitigating
the shuttle effect. In Ce-MOF systems, Ce typically exists in the +3 or +4 oxidation state. Jin et al.
synthesized CSUST-1, which features isolated mixed-valent Ce (+3, +4) sites [Figure 8F]"*!. The isolated
arrays of Ce (+3, +4) in CSUST-1 act as redox couples, and when combined with the abundant oxygen
vacancies, they significantly enhance both the redox kinetics of polysulfides and the lithium-ion transport
rate.

Emerging rare-earth-based materials for separator and interlayer

Perovskite materials have attracted growing attention in LSB research in recent years due to their tunable
adsorption and catalytic properties. Hao et al. combined XAFS and X-ray computed tomography (CT) to
establish a continuous multiscale analysis model, which precisely revealed how dopant elements regulate
the relationship between perovskite structure and LSB performance [Figure 8G]"*". Their study showed
that Sr** doping induces partial conversion of Mn’* to Mn** while altering the coordination environment of
Mn. This not only enhances the material’s electronic conductivity but also strengthens the interaction
between Mn cations and polysulfides, ultimately leading to superior electrochemical performance.

As a new class of catalytic materials, single-atom catalysts differ from traditional nanoparticles or cluster-
based catalysts. Their isolated single atoms maximize atomic utilization and interact more easily with
reactant molecules, significantly boosting catalytic activity. Zhou et al. were the first to synthesize a Sm-
based RE single-atom catalyst"*?. Their research revealed that the unique Mott transition between the 4f°sd
and 4f°5d" valence electron configurations of Sm-N,C, enables f-d-p orbital hybridization with polysulfides,
accelerating polysulfide conversion and Li,S decomposition [Figure 8H]. The LSB based on this catalyst
retained 84.3% of its capacity after 2,000 stable cycles at 4C.

ELECTROLYTE ADDITIVES BASED ON RARE-EARTH SPECIES

In liquid LSBs, the electrolyte is the Li*-transport medium that governs cycling stability, rate capability, and
safety. It comprises solvent, lithium salt, and additives; the solvent-salt matrix forms the Li*-conducting
medium enabling transport between the cathode and anode"***. Additives, though minor in content, are
crucial for tuning electrode-electrolyte reactions and optimizing the SEI. In current mainstream LSB
electrolyte systems, the solvent is predominantly a binary mixture of 1,3-dioxolane (DOL) and dimethyl
ether (DME), while the lithium salt is mainly lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). Lithium
nitrate (LiNO,) is commonly added to form a robust SEI enriched in LiF and Li,N, which suppresses
dendrites and limits electrolyte decomposition"*”). As performance requirements for LSB continue to
escalate, traditional additives struggle to meet the growing demands for higher cycling stability and safety.
Against this backdrop, RE metal compounds have emerged as promising candidates for electrolyte
additives, owing to their unique electronic structures and chemical reactivity.
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Inorganic salts containing rare-earth elements

To date, the most intensively studied category of RE-based electrolyte additives for LSB batteries is RE
nitrate. Liu et al. pioneered the integration of lanthanum nitrate [La(NO.),] into LSB electrolytes, laying the
foundation for research on RE nitrates as additives"*!. Systematic studies demonstrate that La(NO,),
participates in interfacial reactions to form a passivation layer on the lithium metal anode surface during
battery cycling, which is enriched with a La/Li sulfide composite [Figure 9A and B]. The passivation layer
serves two critical functions: on the one hand, it effectively blocks direct contact between electrolyte
components and lithium metal, reducing unnecessary Li consumption and electrolyte degradation; on the
other hand, it guides the uniform deposition of lithium metal, avoiding electrode structural damage and
capacity decay caused by random dendrite growth. Together, these effects significantly extend the battery’s
cycle life and enhance its safety. Beyond La(NO,),, research on yttrium nitrate [Y(NO.),] as an electrolyte
additive has also yielded positive outcomes, with a mechanism of action analogous to that of La(NO.)..
Studies confirm that Y(NO,), similarly induces the formation of a stable passivation layer on the lithium
metal anode, which is rich in yttrium sulfide (Y.S;) and provides interfacial protection comparable to that of
the La/Li sulfide composite. Through inhibiting dendritic lithium deposition and reducing electrolyte-
lithium side reactions, the cycling performance of LSB is significantly prolonged [Figure 9C-E]"*.
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Organic salts containing rare-earth elements

In addition to RE nitrates, researchers have explored other classes of RE compounds as electrolyte additives,
with RE trifluoromethanesulfonates emerging as a key focus. Addressing the unique requirements of
anode-less LSB, the Manthiram group systematically investigated the role of neodymium
trifluoromethanesulfonate [Nd(OTf),] as an electrolyte additive*". Their study revealed that Nd(OTf),
optimizes battery performance through multiple synergistic mechanisms: (1) Leveraging its unique
electronic structure, Nd** modulates the solvation shell configuration of Li*, altering the transport pathways
and kinetic behavior of Li* in the electrolyte; (2) Nd** exhibits strong adsorption affinity for polysulfides,
enabling chemical immobilization of free polysulfides in the electrolyte to minimize shuttle-related capacity
loss. Additionally, its intrinsic catalytic activity may partially accelerate the kinetic conversion of
polysulfides [Figure 9F and G]J; (3) XPS analysis of the SEI layer on the cycled lithium metal surface
provided further insights. After adding Nd(OTf),, the intensity of the polysulfide characteristic peak in the
S 2p spectrum of the SEI layer was significantly lower than that of the additive-free control sample.
Moreover, characteristic signals of Nd-S bonds were detected, confirming that Nd(OTf), promotes the
formation of an SEI layer enriched with Nd-S species [Figure 9H]. This RE-doped SEI layer exhibits
superior stability and ionic conductivity, effectively protecting the lithium metal anode while ensuring
efficient Li* transport. Concurrently, the presence of Nd(OTY), facilitates the uniform deposition of lithium
metal, further suppressing dendrite growth. These combined effects provide critical support for enhancing
the performance of anode-less LSBs.

SOLID-STATE ELECTROLYTES MODIFIED BY RARE-EARTH COMPOUNDS

Solid-state LSBs fundamentally eliminate the core issue of polysulfide shuttling in liquid electrolytes
through the intrinsic properties of solid-state electrolytes. They also significantly enhance the energy
density and safety of batteries, making them a critical development direction in the LSB field "+
However, solid-state systems still face three major challenges: (1) sulfur exhibits extremely poor electrical
conductivity, leading to low active material utilization; (2) significant impedance exists at the electrode-
solid electrolyte interface, hindering ion transport; and (3) lithium metal anodes are prone to dendrite
growth, which poses safety risks and causes capacity decay!**"*°.

RE doping can stabilize solid electrolytes through coupled bulk-grain-boundary-interphase effects'**\.
Aliovalent RE**/RE" substitution creates beneficial Li-vacancies and widens diffusion bottlenecks,
increasing ionic conductivity and homogenizing Li* flux at the Li|SE contact. RE-assisted sintering
promotes densification and grain growth, thereby reducing porosity and grain-boundary resistance. At the
interface, RE cations tend to segregate and react to form ultrathin, electronically insulating yet Li*-
permeable layers (e.g., RE-oxides/fluorides/oxyfluorides), which suppress parasitic reactions, lower
interfacial impedance, and raise the dendrite initiation threshold by blocking electron pathways while
increasing local shear modulus.

LLZO and garnet-type solid-state electrolytes with RE doping

RE-based materials have demonstrated substantial application value in ceramic solid electrolytes due to
their unique structural and chemical properties, providing critical support for optimizing the performance
of solid-state LSBs!""**\. To simultaneously address the issues of ion conduction efficiency and lithium
dendrite suppression, researchers have proposed a “dual-layer hybrid electrolyte” design strategy to achieve
targeted optimization through functional zoning. The electrolyte layer facing the sulfur cathode prioritizes
high ionic conductivity to ensure rapid reaction of active materials, while the layer facing the lithium anode
balances ionic conduction with mechanical strength to withstand the stress generated by lithium dendrite
growth. Based on this strategy, Liu et al. designed a dual-layer hybrid solid electrolyte (DLHSE) with a
ceramic framework [Figure 10A]"*. The cathode side employs NASICON-type Li
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Figure 10. (A) Schematic diagram of DLHSE preparation process. The figures are quoted with permission from Liu et al.t'®%; (B)
Schematic diagram of composite sulfur electrode and PEO/LiTFSI-LLTO preparation. This figure is quoted with permission from Zhu et
al.tel: (C) HRTEM images of (Li«(BH4)s)@75LLZTO after ball milling; (D) Rate performance of Li/SSE/SPAN at 100 ‘C. The figures are
quoted with permission from Lv et al.t'¢}; (E) Schematic diagram of synergetic interface optimization of all solid-state LSBs; (F) Nyquist
plots of Li;P2sY0:Swslo2 at different temperatures; (G) Cycling performance of the SC-Li;PsSy, SbSn-Li;PsSy, and SbSn-Li;P2Y0:Si0sl0
batteries at 0.05C. The figures are quoted with permission from Zhao et al.t"; (H) SEM image of LisHoBrs and corresponding EDS
mapping; (1) Out-of-plane migration pathway of Li* from original [Oct] — [Tetra] — nearest [Oct]; (J) Migration energy barrier of Li*
from original [Oct] — [Tetra] — nearest [Oct]. The figures are quoted with permission from Shi et al.t”3), DLHSE: Double-layer hybrid
solid-state electrolyte; PEO: poly(ethylene oxide); LiTFSI: lithium bis(trifluoromethanesulfonyl)imide; TFSI:
bis(trifluoromethanesulfonyl)imide anion; LLTO: LigsslaossTiOs; HRTEM: high-resolution transmission electron microscopy; LLZTO:
LigsLasZrsTaoOmn; SSE: solid-state electrolyte; SPAN: sulfurized polyacrylonitrile; LSB: lithium-sulfur battery.

1xALTi, (PO,), (LATP), leveraging its high ionic conductivity to accelerate cathode reactions; the anode
side uses garnet-type LLZO, which relies on its excellent mechanical properties to suppress lithium
dendrites. To further improve electrode-electrolyte interface contact and reduce interfacial impedance, the
researchers immersed the DLHSE in a liquid electrolyte. The permeated ether-based electrolyte not only
enhanced the wettability of the solid-solid interface but also established rapid ion transport channels. LSB
employing this electrolyte demonstrated remarkable long-term stability, retaining 802 mAh/g after 500
cycles at 0.2C, and even achieving a discharge capacity of 7 Ah at 0.1C in pouch-cell configurations.
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Compared with inorganic solid electrolytes, polymer solid electrolytes (e.g., PEO, PVDEF) offer superior
flexibility and processability, which substantially improve their interfacial compatibility with electrodes.
Leveraging this advantage, researchers have further optimized interfacial performance through “polymer-
inorganic synergy” approaches. For example, Zhu et al. incorporated PEO during the preparation of sulfur
cathodes; the flexibility of PEO filled the gaps between the electrode and electrolyte, significantly enhancing
interfacial compatibility [Figure 10B]"*). Wang et al. added LLTO/C nanofibers to the cathode, where
LLTO provided efficient ion transport channels, while the carbon component constructed an electronic
transport network!®”. This synergistic design enabled dual-channel (ion/electron) transport within the
cathode, effectively overcoming the insulating nature of sulfur'*.

As a representative RE-based inorganic solid electrolyte, LLZO has great potential for high ionic
conductivity. However, pure-phase LLZO suffers from low conductivity, poor structural stability, and
inadequate interfacial compatibility, limiting its practical application. To address these shortcomings,
researchers have adopted two key optimization strategies: elemental doping and surface modification. For
elemental doping, introducing elements such as Ta and Nb induces LLZO to form a stable cubic phase and
increases the concentration of lithium vacancies in the lattice. The higher density of lithium vacancies
creates additional “channels” for Li* migration, effectively reducing the ion transport energy barrier and
significantly improving conductivity"*>'**). For surface modification, the core goal is to eliminate the
lithophilic LIOH/Li,CO; layer that forms on the surface of LLZTO when exposed to air, which severely
hinders Li* transport. Wang et al. used in-situ modification to coat the surface of LLZTO with an
amphoteric covalent organic framework denoted as LLZTO@HUT4"*. This modification not only
improved the compatibility of the organic-inorganic interface but also enhanced the mechanical properties
of the electrolyte membrane through intermolecular interactions, substantially boosting lithium-ion
transport efficiency. Lv et al. coated the LLZTO surface with a complex hydride Li,(BH,).I [Figure 10C]"*.
After modification, the electrolyte conductivity increased dramatically from 8.29 x 10° S/cm to 1.10 x 10
S/cm"*. SPAN (sulfurized polyacrylonitrile) batteries based on this electrolyte achieved a discharge specific
capacity of 1149 mAh/g at 0.2C, with a capacity retention rate of up to 91% after 100 cycles [Figure 10D].
Additionally, Ruan et al. proposed an innovative “in-situ reaction modification” method using phosphoric
acid to react with the inert LIOH/Li,CO, components on the LLZTO surface, generating a uniform Li,PO,

167

modification layer in-situ"*”). This layer not only reduces the surface ion migration energy barrier but also

forms a robust SEI layer during cycling and this dual effect effectively minimizes interfacial impedance.

Sulfide and halide solid-state electrolytes incorporating RE elements

Beyond oxide solid-state electrolytes, sulfide solid-state electrolytes have become another key research
focus, as their room-temperature ionic conductivity (10°-10? S/cm) far exceeds that of oxides and
polymers"**). However, in solid-state systems, the absence of liquid electrolytes significantly restricts the
redox kinetics of sulfur - especially at high sulfur loadings, where active materials struggle to fully
participate in reactions. Therefore, when designing sulfur cathodes, researchers focus on constructing dual
ion/electron channels, and RE metal doping has emerged as a key strategy to optimize electrolyte
performance. Zhao et al. adopted a dual-doping strategy using Y.,S, and LiI to synthesize the sulfide solid-
state electrolyte Li,P,,Y,,S0slo., Which was then combined with an SbSn/S-C alloyed cathode [Figure
10E]"". On one hand, the doped Y element optimized the interfacial contact between the cathode and
electrolyte, accelerating ion transport and achieving a high room temperature conductivity [ Figure 10F].
On the other hand, SbSn alloying enhanced the internal electronic conductivity of the cathode. The synergy
of these two factors enabled efficient utilization of active materials under high loading conditions. Based on
this system, the all-solid-state LSBs maintained a discharge specific capacity of 1,163.5 mAh/g after 50
cycles at room temperature and 0.05C [Figure 10G].
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Furthermore, the air sensitivity of sulfide solid-state electrolytes is a major obstacle to their
industrialization, and the introduction of Ce,S, provides a solution"”?.. Ce doping not only improves the
chemical stability of the sulfide electrolyte but also maintains a high conductivity of 7.7 x 10 S/cm at room
temperature while expanding the electrochemical window to 5 V. DFT analysis showed that Ce inhibits the
decomposition of highly conductive P.S,” into PS,” and P,S.*, thereby preserving the structural and
performance stability of the electrolyte. RE halides have also emerged as a new research direction for solid-
state electrolytes, thanks to their wide electrochemical windows and high-voltage stability. Shi et al.
synthesized a novel RE-based halide solid-state electrolyte, Li,HoBr,, which exhibits an impressive room-
temperature ionic conductivity of 1.1 x 10 S/cm [Figure 10H]"””. DFT simulations revealed the source of
this high conductivity. LHB crystals contain four Li* migration pathways, and the pathway perpendicular to
the crystal plane has the lowest migration energy barrier and highest efficiency, providing a structural basis
for rapid ion transport [Figure 10I and J].

CONCLUSION AND OUTLOOK

Summary

This review has summarized recent advances in RE-based materials across various LSB components,
including cathodes, separators/interlayers, electrolyte additives, and solid-state electrolytes, with emphasis
on the underlying mechanisms of performance improvement. Supplementary Table 4 confirms that the
benefits of RE strategies generally persist under high loading, lean electrolyte, and pouch-cell formats, with
representative areal capacities of ~ 2-9 mAh/cm® and low per-cycle fade where reported. Such advantages
highlight the vital role of RE compounds in overcoming the intrinsic limitations of polysulfide chemistry
and advancing the practical deployment of LSBs.

Challenges
Despite remarkable progress, several challenges remain for RE-based strategies in LSBs [Figure 11]:

(1) Imbalanced research focus.


https://file.oaecenter.com/published/pdf/6851d1a3ef514058b4f7b47dd499c915/1763630131/ez1003-SupplementaryMaterials.pdf
https://dx.doi.org/10.20517/energyz.2025.03

Page 26 of 33 Zhou et al. Energy Z. 2025, 1, 100002 | https://dx.doi.org/10.20517/energyz.2025.03

Current research has predominantly concentrated on cathode hosts and separator/interlayer systems, where
RE-based oxides such as La,O, and CeO, have served as model compounds. In contrast, the exploration of
RE-based electrolyte additives, lithium anode protection layers, and solid-state electrolyte modifications
remains relatively limited. Since these components play equally crucial roles in ensuring overall battery
stability and performance, future studies need to broaden their scope beyond cathode-centered designs.

(2) Limited material diversity.

Among the wide variety of RE compounds, most studies are confined to oxides and hydroxides, whereas
other classes such as sulfides, fluorides, nitrides, carbides, and organometallic complexes are rarely
investigated. These less-explored materials may possess stronger catalytic activity, higher electronic
conductivity, or better stability under electrochemical conditions. For example, RE sulfides and nitrides
could provide more favorable electronic structures for facilitating multi-electron polysulfide redox, while
RE carbides may offer enhanced conductivity and structural robustness. Expanding the library of RE
materials is therefore essential for discovering superior candidates.

(3) Restricted element utilization.

Of the 17 RE elements, practical applications in LSBs have so far been limited mainly to La, Ce, Y, Nd, Gd,
and Sm. This represents only about half of the available RE series, leaving significant untapped potential.
Less common RE elements such as Tb, Dy, Er, and Yb, with their distinct ionic radii and electronic
configurations, may offer unique catalytic pathways or adsorption behaviors. A more systematic
exploration of the full RE series is necessary to establish clear element-property-performance correlations.

(4) Lack of rational design principles.

In many studies, the design strategies for cathode hosts and separators/interlayers are overly similar, often
relying on heavy oxide or hydroxide coatings. While such approaches may work well for cathode hosts,
they are less suitable for separators and interlayers, where minimizing inactive mass is essential for
achieving high energy density. Failure to account for the lightweighting principle compromises the energy-
to-weight ratio of the entire battery. Thus, it is imperative to establish distinct design principles tailored to
each component, for example, high-density active site construction in cathode hosts versus ultrathin,
lightweight yet catalytically active coatings in separators/interlayers.

(5) Sustainability and techno-economic constraints.

Beyond electrochemical metrics, the practical deployment of RE-enabled LSBs is limited by sustainability
and cost. RE resources are unevenly distributed, exposing supply chains to concentration, price volatility,
and geopolitical risk. Mining and refining carry high CAPEX/OPEX and non-trivial environmental
footprints (energy/reagent intensity, tailings, wastewater management)'”. These burdens must be weighed
against performance gains, especially under practical operating conditions (high sulfur loading, lean
electrolyte, limited Li excess, pouch cells). A further challenge is the lack of standardized sustainability
metrics (e.g., RE mass per Wh, recyclability/readiness), which hampers transparent benchmarking across
studies.

Perspectives
Looking ahead, several research directions are recommended to unlock the full potential of RE-based
materials in LSBs [Figure 11]:
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(1) Diversifying RE chemistries.

Future studies should extend beyond conventional RE oxides to systematically investigate sulfides, nitrides,
carbides, fluorides, and organometallic complexes. These materials offer unique electronic structures and
bonding characteristics that may provide superior polysulfide anchoring, enhanced conductivity, or
improved electrochemical stability. The rational combination of different RE compounds into composite or
hybrid structures may further unlock synergistic effects.

(2) Post-Li (e.g., Na, K) systems.

Transferring RE strategies to sodium sulfur (NSB) and potassium sulfur (KSB) systems requires addressing
kinetics that differ from those in LSBs. Larger Na'/K* radii and weaker desolvation shift polysulfide
speciation and solubility, alter nucleation pathways, and favor more fragile, resistive product layers (Na,S,
K.S). These factors slow solid-solid conversion, amplify volume change, and raise interfacial and charge-
transfer resistance!””. RE-based cathode hosts and catalysts can lower barriers for S < Na,S/K,S by
providing polar RE-S binding sites and redox-active centers that facilitate chain-length scission and product
detachment. Tailoring adsorption strength is critical: strong capture for long-chain Na/K polysulfides, but
moderate binding for Na,S/K.,S to avoid passivation.

(3) Advanced characterization and integrated approaches.

The catalytic mechanisms of RE species, especially the role of 4f orbitals during polysulfide conversion,
remain poorly understood. The application of advanced in-situ/operando techniques is critical to reveal
structure-activity relationships and guide rational material design. Beyond mechanism elucidation,
advanced characterization should also quantify the stability of active components under cycling by tracking
RE dissolution/crossover and active-site evolution using H-cell tests coupled with UV-vis spectroscopy and
inductively coupled plasma-optical emission spectroscopy (ICP-OES), as well as operando XPS, X-ray
absorption fine structure (XAFS), and time-of-flight secondary ion mass spectrometry (ToF-SIMS). These
diagnostics connect leaching- or interphase-driven changes to kinetic decay, guiding the design of more
durable RE architectures. DFT has proven to be an indispensable tool for elucidating atomic- and
electronic-scale interactions of RE species with polysulfides. Moving forward, machine learning and high-
throughput computational screening should be integrated with DFT to accelerate the discovery of new RE-
based materials with optimal catalytic and structural properties. Experimentally, advanced synthesis
methods such as atomic layer deposition, solvothermal growth, and single-atom dispersion strategies
should be further explored to precisely control the distribution and activity of RE species.

(4) SEI engineering.

Preliminary studies suggest that RE-based salts or nitrides can promote the formation of RE-enriched SEIs,
which may improve interfacial stability and suppress dendrite growth. However, the mechanisms governing
the nucleation, composition, and long-term stability of RE-modified SEIs remain poorly understood.
Moreover, extending these insights to NSB and KSB systems requires accounting for key mechanistic and
engineering differences. The larger ionic radii and weaker desolvation energies of Na*/K* alter polysulfide
speciation/solubility and tend to form more fragile, resistive SEIs; fluoride-rich layers (NaF/KF) often
exhibit lower ion transport than LiF, and volume changes at the alkali metal exacerbate interfacial cracking.
Combining systematic experimental characterization with DFT simulations and molecular dynamics
modeling will be critical to uncover the underlying processes.

(5) Pathways to practical and responsible deployment.
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Looking ahead, advancing RE-enabled LSBs demands an integrated strategy that simultaneously addresses
performance, manufacturability, and responsibility. Priority should be given to reducing dependence on
critical RE elements through low-dosage designs, element diversification toward less-critical species, and
green, scalable synthesis routes that employ benign solvents, lower temperatures, and process
intensification”. Equally important is closing the materials loop by developing clean, closed-loop recycling
for end-of-life LIBs/LSBs, implemented under design-for-recycling principles. To guide choices objectively,
sustainability and cost must be quantified alongside electrochemical metrics by embedding life-cycle
assessment (LCA), techno-economic analysis (TEA), and social-LCA/traceability. Finally, studies should
report application-relevant benchmarks - such as RE mass per Wh, recyclability considerations, and
practical performance - to accelerate translation from laboratory demonstrations to manufacturable,
durable, and responsible LSB technologies.

Opverall, RE-based materials hold great promise for tackling the intrinsic challenges of LSBs and accelerating
their commercialization. Through continued interdisciplinary efforts, particularly the precise modulation of
f-orbital properties combined with advanced experimental and theoretical methodologies, the practical
realization of RE-based strategies in next-generation high-energy-density batteries can be anticipated.
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